Salmonella and Escherichia cob. There is no apparent mutant phenotype associated with it, even when virtually the entire coding sequence has been eliminated. In this study it has been shown that FliL is a cytoplasmic membrane protein associated with the basal body. Although it has a sequence that conforms to the consensus cleavage site for lipoproteins, FliL does not undergo cleavage or modification under physiological conditions. Keywords : SalwzorreEla, flagella, basal body, FliL
PZLMNOPQR, that includes motor/switch and export apparatus genes.
A difficulty in characterizing F1iL is that it has no apparent mutant phenotype, even when virtually all of its sequence has been deleted (Raha et al., 1994) . Null mutants are well flagellated and motile, and behave like wild-type cells in swarm assays. Jenal et a!. (1994) , in contrast, found that fliL in Caulobacter crescentus is associated with paralysed mutant phenotype.
FIiL is a small protein with deduced and apparent molecular masses of -17 kDa. Its deduced sequence (Kihara et al,, 1989 ) has a basic N terminus followed by a fairly hydrophobic sequence and then the sequence LAAC. The remainder of the sequence is amphipathic. LAAC conforms well to the consensus sequence L-X-G/A-1 C for cleavage by the lipoprotein-specific signal peptidase, signal peptidase I1 (Braun & Wu, 1994) ; also, in a previous study of the basal-body lipoprotein FlgH (Schoenhals & Macnab, 1996) , we had seen, in addition to the palmitate-labelled band corresponding to FlgH, a second labelled band of lower apparent molecular mass. However, as well as these indications that FliL might be a lipoprotein, there were also some indications that it might not. (i) FliL from another Gram-negative organism, C. crescentus, lacks an equivalent cleavage consensus site (Jenal et al., 1994) . (ii) In minicell experiments, Homma et at. (1988) did not report finding a processed form of FliL. (iii) FliL is located in the cytoplasmic membrane (Jenal et al., 1994 and this study), whereas lipoproteins of Gram-negative organisms are typically located in the outer membrane.
In this study, we show that FliL is a component of the basal body and is located in the cytoplasmic membrane. 
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We also show that processing and lipoylation of FliL occur to a very small degree, if at all, and probably have no physiological significance.
METHODS
Bacterial strains, plasmids and growth media. HMS174(DE3) and XL-1 Blue were obtained from Novagen and Stratagene, respectively. UH869 is an Escherichia coli minicell-producing strain (Homma et af., 1985) . MYES is a derivative of E. coli EKK9 with a large in-frame BamHI-ClaI deletion in fliL (Raha et al., 1994) . Commercially available plasmids used were pETlla (Novagen) and pUC19 (New England Biolabs). Other plasmids are described in the text and in Table 1 . Strains were typically grown on Luria medium (LM) plates or in LM broth supplemented with 4 mg thymine ml-' and 1 pg thiamin m1-l.
Cultures were incubated at 37 O C with shaking, unless otherwise stated. Ampicillin (50 pg ml-l) was added as needed.
Oligonucleotide primers and PCR amplification of fliL alleles. Construction of the /&based alleles contained in pGS29, pGS33, pGS40 and pGS42 was accomplished with one round of PCR amplification using primers matching the 5' and 3' ends of these alleles. Each of the fEiL alleles contained in plasmids pGS56 and pGS57 was constructed in two parts.
The first produced the 5' region of fliL (including the region encoding the FlgH signal peptide and the LAAC LTGC mutation) and the 3' region of fliL (containing the FLAG peptide-encoding region; Hopp et al., 1988 , and see Fig. 9 of Fan et a/., 1997). Then, complete alleles were constructed using the two amplification products from the first round. All PCR reactions were performed in a Minicycler thermocycler (MJ Research) using Taq DNA polymerase (Boehringer Mannheim) and template DNA from plasmid pAMH5 (Kihara et al., 1989) . PCR products were purified using a gel extraction kit (QIAGEN) and used directly for cloning.
Cloning and sequencing of flif alleles. Purified PCR-amplified DNA fragments and vector DNA were digested using NdeI/ BamHI or XbaI/HdndIII (New England Biolabs) and ligated using T4 DNA ligase (New England Biolabs). Fragments having NdeIIBamHI ends were cloned into pETlla first, placing the ATG start codon in optimal position with respect to the T7 promoter. These alleles were then subcloned into the Xbal/HindIII sites of pUCl9 (including the ribosome-binding site from pETlla but without the T7 promoter). The subcloning into pUCl9 placed the ATG start site in the opposite orientation to the lac promoter ; this cloning arrangement resulted in protein levels high enough for immunoblot and minicell analysis, but low enough to prevent toxicity to the cell (Schoenhals & Macnab, 1996) . Plasmid constructs were verified by DNA sequencing using Sequenase version 2.0 (US Biochemicals).
Overproduction of FliL-based proteins. Competent HMS174(DE3) cells were transformed with pETlla-based plasmids carrying fliL alleles and an isolated colony was inoculated into 20 ml LM liquid medium + ampicillin. This culture was grown at 37 "C to an OD,,, of 0-6 (Ultraspec 111, Pharmacia). IPTG was added to a final concentration of 0.4 mM. Growth was continued at 37 *C for 3 h, the cells were harvested by centrifugation at 6500g, and the pellets resuspended in SDS-PAGE sample buffer and frozen at -20 "C.
Isolation of hook-basal body (HBB) complexes containing FLAG-tagged FliL. E . coli strain MYES (fziL) containing plasmid pGS32 was grown overnight at 30 "C in 25 rnl LM+ampicillin. This inoculum was added to 1 1 fresh medium, and the cells were grown for 6-7 h at 37 "C and harvested by centrifugation at 8500 g. HBB complexes were harvested according to Aizawa et al. (1985) .
Cell fractionation. HMS174(DE3) cells transformed with a
PET-based plasmid were grown in LM + ampicillin at 37 "C to All plasmids are AmpR. The FLAG tag in all cases is at the C terminus of the sequence.
Plasmid
Genotype
Vector' Source/reference pAMH5 pCS29 pGS30 pGS32 pcs33 Flagellar protein FliL of Salmonella OD,,, 0-6, IPTG was added to 0-4 mM, and the culture was grown for a further 6 h at 37 "C with shaking. The cells were then centrifuged and the pellets were frozen. The pellets were resuspended in Tris-buffered saline (TBS; 20 m M Tris/HCl, 137 m M NaCl, pH 7-6) plus 10 mM EDTA and sonicated (6 x 1.5 min, 50% duty cycle, Sonifier 450, Branson). Unbroken cells were removed by low-speed centrifugation, and then the membrane fraction was pelleted by centrifugation at 130000g for 1 h at 4 OC. The proteins in the supernatant, representing the cytoplasmic/periplasmic fraction, were precipitated with 10 '/ o trichloracetic acid and the pellet neutralized with Tris/HCl, p H 7.8. The membrane fraction was washed with TBS, suspended in 1 ml 2% sarkosyl, incubated overnight at 4 "C, and centrifuged at 130000 g for 2 h. The pellet contained the outer-membrane fraction. The supernatant, containing the cytoplasmic-membrane fraction, was extracted with 1 ml chloroform plus 4 ml methanol, centrifuged at 12000 g for 20 min, and the pellet retained.
Minicell analysis. Minicell analysis was carried out according to established protocols (Bartlett & Matsumura, 1984 skimmed milk/TBS) was used as the primary antibody. The secondary antibody (1 : 10000 dilution) was goat anti-mouse IgG, conjugated to horseradish peroxidase (Bio-Rad), and was detected using an Enhanced Chemiluminescence detection kit (Amersham).
RESULTS
We constructed pUC-based plasmids encoding various forms of FliL (Table 1) : some untagged, some containing a FLAG tag (Hopp et al., 1988) at the C terminus, and some involving fusions between the N-terminal leader peptide sequence of FlgH (the L-ring protein, which undergoes signal peptide cleavage and lipoylation ; Schoenhals & Macnab, 1996) and the C-terminal sequence of FliL.
The FLAG tag served two purposes : (i) positive identification of a protein in anti-FLAG immunoblots, and (ii) a diagnostic shift in apparent molecular mass in other assays such as minicell labelling experiments. The FlgH-FliL fusions were designed to address the question MYES is an E. coli strain containing a large in-frame deletion in fEiL (Raha et al., 1994) . I t was transformed with plasmids pGS29 and pGS32, which encode untagged and FLAG-tagged FliL, respectively. HBBs were prepared from both transformants. The samples were then subjected to SDS-PAGE and immunoblotting with anti-FLAG antibody (Fig. 1) . HBBs from MYE9/ pGS32 gave a single band at an apparent molecular mass of about 19 kDa (lane 2), which co-migrated with FLAGtagged FliL overproduced from HMS 174(DE3) /pGS33
(lane 3). We conclude t h a t FliL is an authentic component of the basal body and is present in a single form as detected by immunoblotting.
Localization of FliL to the cytoplasmic membrane
In earlier minicell fractionation experiments (Homma et at., 1988) , Salmonella FliL (then called FlaQI) was found to be associated with the high-speed pellet (combined inner-and outer-membrane fraction). We wanted to determine more specifically its cellular localization and whether it was affected by the origin of the signal 
Fig-2. Cellular localization of FliL.
Immunoblot, using anti-FLAG antibody, of the cyto pl as m/pe r i plasm fraction (cyto/pe r i, lanes 1-3), cytoplasmic-membrane fraction (cm, lanes 4-6), and outer-membrane fraction (om, lanes 7-9) from equal amounts of HMS174 (DE3) cells transformed with PET1 la-based plasmids overproducing different forms of FIiL. Lanes 1, 4 and 7, pGS33 (FIiL-FLAG); lanes 2, 5 and 8, pGS40 (FIgH-LAAC-FIIL); lanes 3, 6 and 9, pGS42 (FISH-LAAC-Flit-FLAG). The much higher intensities with pGS42 vs pGS33 reflect differences in expression levels that were seen in unfractionated samples also. 
sequence (FliL or FlgH) . FliL-FLAG, FlgH-LAAC-FliL
(as a negative control) and FlgH-LAAC-FliL-FLAG were overproduced from plasmids pGS33, pGS40 and pGS42, respectively, and then the cells were fractionated and subjected to SDS-PAGE and imrnunoblotting (Fig.  2) . FliL-FLAG was found in very small amounts in the soluble (cytoplasm/periplasm) fraction (lane 1) ; the majority was found in the cytoplasmic membrane (lane 4), and none was found in the outer membrane (lane 7 ) .
FlgH-LAAC-FliL-FLAG
was found in all three fractions (lanes 3 , 6 and 9), but the vast majority was in the cytoplasmic membrane (lane 6). We conclude that FliL is a cytoplasmic membrane protein.
Minicell fabelling experiments
Next, we addressed directly the question of possible processing of FliL. Using a variety of pUC-based plasmids encoding FliL or FlgH-FliL hybrids (Fig. 3 ) , we carried out minicell labelling experiments (Fig. 4) .
Minicells containing pGS29, encoding wild-type FliL, revealed a major labelled band with an apparent molecular mass of about 17 kDa (lane l), as has been reported previously (Homma et al., 1988) . With pGS32, encoding FliL-FLAG, the apparent molecular mass shifted upwards to 19 kDa (lane 2), a typical shift caused by a FLAG tag (Ohnishi et al., 1997) . pGS56 (untagged) and pGS.57 (FLAG-tagged) encode a FlgH-FliL fusion in which the junction occurs immediately after the FlgH consensus LTGC, which now substitutes for the FliL consensus LAAC. Proteins produced from both plasmids (lanes 5 and 4, respectively) resulted in a major band at about the same positions as the single bands of pGS29 and pGS32 or the upper bands of plasmids pGS41 and pCS43. In both cases, a less-intense band was seen at a considerably smaller apparent molecular mass. The fact that the bands associated with pGS57 showed the shift expected from the FLAG tag demonstrates that both are related to FliL.
The minor lower bands of plasmids pGS56 and pGS57 presumably are the result of lipoylation as well as signalpeptide cleavage. This interpretation is supported by palmitate labelling experiments of FlgH-LTGC-FliL and FlgH-LTGC-FliL-FLAG overproduced from plasmids pGS58 and pGS59, respectively, which resulted in bands at these positions (data not shown) ; processing of these forms was inhibited by globomycin (data not shown), an inhibitor of cleavage by signal peptidase 11, which is specific for lipoproteins (Braun & Wu, 1994) .
We also performed imrnunoblots, using anti-FLAG antibody, on proteins overproduced from PET-based 3 for the meanings of these protein designations. Pre-P-lac and P-lac are the precursor and mature forms, respectivety, of p-lactamase, a periplasmic protein; they act as an internal control for the occurrence of signal-peptide cleavage (by signal peptidase I).
plasmids expressed in HMS174(DE3). For the FLAGtagged alleles, the principal cross-reactive bands were found at positions similar to those in the minicell experiments of Fig. 4 (data not shown) . Specifically, FliL-FLAG still yielded a single band with an apparent molecular mass of around 19 kDa.
From both the minicell and the immunoblotting experiments, we conclude that FliL does not undergo either signal-peptide cleavage or lipoylation. The fact that it fails to undergo signal-peptide cleavage further supports our conclusion that it is a cytoplasmic-membrane protein, since processing of such proteins very rarely occurs in prokaryotes (Broome-Smith et al., 1994) .
DISCUSSION
FliL is a basal-body protein and is present in unmodified form
In this study, we have verified our hypothesis that FliL is a basal-body protein, and we have shown that it is located in the cytoplasmic membrane. In these basalbody preparations, we saw only a single form, at about 19 kDa, similar to the deduced molecular mass for unprocessed FliL-FLAG.
The appearance of a single form was also true of FliL and FliL-FLAG in minicell experiments and of overproduced FliL-FLAG in immunoblots. Only if we replaced the N-terminal sequence of FliL with the signal sequence of FlgH (the basal-body L-ring protein, which is known to be processed) did we see the generation of a mature form. If we replaced the N-terminal sequence of FliL and its putative signal peptidase I1 consensus LAAC by the signal sequence of FlgH and its known signal peptidase I1 consensus sequence LTGC, we saw some degree of processing to a species of significantly lower apparent molecular mass, which could be labelled with palmitate, and whose generation could be inhibited by globomycin. The shift of FLAG-tagged versions of these proteins in all cases verified that they were forms of FliL.
In a previous study of FlgH (Schoenhals & Macnab, 1996) , palmitate labelling of HBBs resulted not only in a band corresponding to FlgH, but also a second band at much lower apparent molecular mass. However, since this form of the protein could not be detected using the wild-type gene in either minicell experiments or overproduction experiments, we conclude that it is not physiologically significant ; in the case of the palmitatelabelled basal bodies, the protein could possibly represent an extremely low level of processing at the LAAC sequence. We did not pursue this issue further.
Properties of the FliL protein and the FIgH-FliL fusion proteins
The presence or absence of a C-terminal FLAG tag appeared to have no biochemical effect on any forms of the protein aside from increasing their apparent molecular mass. However, it is important to remember that we cannot comment on whether there is a functional effect of tagging or fusing to the FlgH sequence, since there is no apparent mutant phenotype associated with the FliL protein.
The two different types of FlgH-FliL fusion proteins have quite different properties from wild-type FliL and from each other. In minicell expression experiments, the upper form of all the proteins (FliL, FlgH-LAAC-FliL and FlgH-LTGC-FliL) had approximately the same apparent molecular mass. This is to be expected if we assume that they represent the intact proteins, since the sizes of the N-terminal sequences prior to the Cys residue are similar (26 and 21 residues, respectively). However, whereas FliL exhibited only a single form of apparent molecular mass 17 kDa, FlgH-LAAC-FliL exhibited two forms of roughly equal intensity, one with about the same apparent molecular mass as that from FliL, and the other with a slightly smaller value. FlgH-LTGC-FliL also exhibited two bands ; although both bands were readily detectable in minicell experiments, the upper one was substantially more intense. The apparent molecular masses of the two forms of FlgH-LTGC-FliL differed by a much larger amount (about 3.5 kDa) than was the case for FlgH-LAAC-FliL. We interpret these data as follows. (i) FliL does not undergo modification to any appreciable extent, and so its N-terminal sequence does not appear to be a good substrate for signal-peptide cleavage by either the primary signal peptidase, signal pepidase I, or (in spite of its LAAC consensus) by the lipoproteinspecific signal peptidase, signal pepidase 11. (ii) FlgH-LAAC-FliL probably undergoes a simple cleavage using signal pepidase I. Whether cleavage occurs at the cysteine residue or not is unclear. (iii) With FlgH-LTGC-FliL, cleavage occurs via signal pepidase I1 (as evidenced by globomycin inhibition data), presumably at the LTG J, C site, and the protein is converted into a lipoprotein (as evidenced by palmitate labelling data). It is not clear why the replacement of the FliL-LAAC sequence by the FlgH-LTGC sequence converts the protein to one that can be lipoylated and processed.
What is the location and role of FliL in basal body structurefiunction 1
Given that FliL is a cytoplasmic membrane protein and is associated with the basal body, one can envisage either of two locations. The first would be around the outer circumference of the basal-body MS ring, in the same general location as the MotA and MotB proteins, which constitute the stator elements of the flagellar motor. The second would be in a parch of membrane at the centre of the MS ring, where the export apparatus for external proteins (such as the filament protein, flagellin) is believed to be located (Fan el al., 1997). Since deletion of FliL has no effect on flagellar assembly it is difficult to imagine that it can be playing any role in flagellar-protein export. We therefore favour a location in the vicinity of the Mot proteins, and with interaction with the MS ring. As to function, one can only speculate at this point. FliL might contribute to the stability of the Mot complexes, perhaps by interaction with their mem brane-spanning domains or by interaction between the periplasmic domains of FliL and MotB. Alternatively, it might facilitate the interaction between the stationary Mot complex and the rotating MS ring. We do not understand the apparent lack of a fliL mutant phenotype in Sulmonella and E. coli, or the presence of a paralysed fliL mutant phenotype in C. crescentus (Jenal et al., 1994) . It may be that subtle deficiencies in the flagella of a multiflagellate organism are masked, whereas they are more evident where the cell has only a single polar flagellum. 
